In rats trained to self-administer methamphetamine, extinction responding in the presence of drug-associated contextual and discrete cues progressively increases after withdrawal (incubation of methamphetamine craving). The conditioning factors underlying this incubation are unknown. Here, we studied incubation of methamphetamine craving under different experimental conditions to identify factors contributing to this incubation. We also determined whether the rats' response to methamphetamine priming incubates after withdrawal. We trained rats to self-administer methamphetamine in a distinct context (context A) for 14 days (6 hours/day). Lever presses were paired with a discrete light cue. We then tested groups of rats in context A or a different non-drug context (context B) after 1 day, 1 week or 1 month for extinction responding with or without the discrete cue. Subsequently, we tested the rats for reinstatement of drug seeking induced by exposure to contextual, discrete cue, or drug priming (0, 0.25 and 0.5 mg/kg). Operant responding in the extinction sessions in contexts A or B was higher after 1 week and 1 month of withdrawal than after 1 day; this effect was context-independent. Independent of the withdrawal period, operant responding in the extinction sessions was higher when responding led to contingent delivery of the discrete cue. After extinction, discrete cueinduced reinstatement, but not context-or drug priming-induced reinstatement, progressively increased after withdrawal. Together, incubation of methamphetamine craving, as assessed in extinction tests, is primarily mediated by time-dependent increases in non-reinforced operant responding, and this effect is potentiated by exposure to discrete, but not contextual, cues.
INTRODUCTION
Based on clinical observations, three decades ago Gawin & Kleber (1986) suggested that cue-induced cocaine craving increases over the first weeks of abstinence and remains high over extended time periods. Subsequently, we and others identified an analogous 'incubation of drug craving' phenomenon in rats (Lu et al. 2004b) . In rats with a history of cocaine or heroin self-administration, initial extinction responding and subsequent cue-induced reinstatement of drug seeking progressively increase after withdrawal (Neisewander et al. 2000; Grimm et al. 2001; Shalev et al. 2001) . Incubation of craving was also demonstrated in rats with a history of methamphetamine (Shepard et al. 2004) , alcohol (Bienkowski et al. 2004) , nicotine (Abdolahi et al. 2010) or oral sucrose (Grimm, Shaham & Hope 2002) self-administration. Recent studies demonstrated incubation of drug craving in human smokers (Bedi et al. 2011) , alcoholics and methamphetamine users .
In early studies, we assessed time-dependent increases in cocaine seeking, or incubation of cocaine craving, at different time points after withdrawal (1 day to 6 months) in two ways (Grimm et al. 2001; Grimm et al. 2003 ; see also Kerstetter et al. 2008; Li & Frantz 2009 ). We first exposed rats to six-to-eight 1-hour extinction sessions in the absence of a discrete cue previously paired with cocaine infusions during training. We then tested the rats immediately after the last extinction session for cueinduced reinstatement in 1-hour session, in which lever presses resulted in contingent presentations of the discrete cue. We found that lever presses in the extinction and cue-induced reinstatement tests follow a similar time course and were correlated (Lu et al. 2004b) .
Based on these observations, over the last decade, we and others have been studying mechanisms of incubation of cocaine (Lu et al. 2005; Conrad et al. 2008; Lee et al. 2013) , heroin Fanous et al. 2012; Theberge et al. 2013 ) and methamphetamine (Li et al. 2015b (Li et al. , 2015c craving by measuring operant responding in extinction tests (30 minutes to 3 hours) that are conducted at different withdrawal days. In these tests, rats are exposed to contextual cues previously associated with drug self-administration training (the self-administration chamber) and lever presses result in contingent presentations of discrete cues previously paired with drug infusions (Wolf & Ferrario 2010; Pickens et al. 2011; Marchant, Li & Shaham 2013; Loweth, Tseng & Wolf 2014) . Under these experimental conditions, time-dependent increases in lever presses after withdrawal may involve time-dependent increases in the response to the contextual cues, the discrete cues or both types of cues. It is also possible that incubation of drug craving is primarily driven by time-dependent increases in operant responding, independent of the rats' sensitivity to the two types of drugassociated cues.
In the present study, we incorporated procedures used in our previous studies on context-induced reinstatement of drug seeking (Crombag et al. 2008; Bossert et al. 2013) , as assessed in an ABA renewal procedure (Bouton & Swartzentruber 1991) , in an attempt to isolate the distinct contribution of contextual and discrete cues to incubation of methamphetamine craving. Additionally, in previous studies, we and others had found that cocaine priming-induced reinstatement does not incubate after prolonged withdrawal periods (Deroche-Gamonet et al. 2003; Marinelli et al. 2003; Lu et al. 2004a; Kerstetter et al. 2008) , but refer to Tran-Nguyen et al. (1998) for different results. Therefore, we also determined whether or not methamphetamine priming-induced reinstatement after extinction incubates after withdrawal.
MATERIALS AND METHODS

Subjects
We used male Sprague-Dawley rats (Charles River, total n = 82), weighing 250-350 g prior to surgery. We maintained the rats under a reverse 12:12-hour light/dark cycle (lights off at 8:00 AM) with food and water freely available. We housed two rats per cage prior to surgery and then individually after surgery. We performed the experiments in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (8th edition), under protocols approved by the Animal Care and Use Committee. We excluded rats because of sickness or death during withdrawal (n = 4) or failure to meet an acquisition criterion of a mean of more than 30 infusions per 6 hours over the last 4 days of training (n = 2).
Intravenous surgery
We anesthetized the rats with isoflurane (5 percent induction; 2-3 percent maintenance). We then inserted Silastic catheters into the jugular vein, which were passed subcutaneously to the mid-scapular region and attached to a modified 22-gauge cannula cemented to polypropylene mesh (Small Parts) (Caprioli et al. 2015a (Caprioli et al. , 2015b . We gave the rats 7 days to recover from surgery and flushed the catheters with sterile saline containing gentamicin (4.25 mg/ml) every day during the recovery and training phases.
Apparatus
We trained and tested the rats in standard Med Associates self-administration chambers. Each chamber had two levers located 7.5-8.0 cm above the grid floor on opposing walls. Lever presses on the active retractable lever activated the infusion pump, whereas lever presses on the inactive nonretractable lever had no programmed consequences. We modified the self-administration chambers to two contexts (A and B) that differed from each other in terms of their auditory (fan on/off), visual (houselight white/red light) and tactile (narrow/wide grid) features, using procedures similar to those described in our previous studies Bossert et al. 2012; Bossert et al. 2015) . The contexts are referred to as A and B, where A is the methamphetamine self-administration (training) context and B is the extinction context. We counterbalanced the physical environments of contexts A and B.
Procedure
Overview
The experiments consisted of three phases: selfadministration training (14 days, context A), withdrawal period (1 day, 1 week or 1 month) and relapse tests at the different withdrawal periods. During the test days, we first exposed the rats to at least six 1-hour extinction sessions (in context A or B, see specific experiments). For rats that did not meet the extinction criterion of ≤15 active lever presses during the last (6th) 1-hour extinction session (n = 15), we gave them a maximum of two additional 1-hour extinction sessions before the reinstatement tests. Immediately after the last 1-hour extinction session, we tested the rats for reinstatement induced by exposure to the drug-associated context A (1-hour session; Experiment 1), the discrete cue (1-hour session; Experiment 2) or methamphetamine priming (three 1-hour sessions, 0, 0.25 and 0.5 mg/kg; Experiment 3). In the succeeding texts, we describe the self-administration and withdrawal phases that were identical in all experiments and the subsequent extinction and reinstatement conditions that are specific to each experiment.
Methamphetamine self-administration training (context A)
We trained the rats to self-administer methamphetamineHCl (supplied by the National Institute on Drug Abuse and dissolved in sterile saline) for 6 hours/day (six 1-hour sessions separated by 10 minutes) for 14 days. We chose a unit dose of 0.1 mg/kg for self-administration training based on our previous studies (Shepard et al. 2004; Caprioli et al. 2015a; Li et al. 2015b Li et al. , 2015c . During training, the rats earned methamphetamine infusions paired with a discrete light cue for 3.5 seconds under a fixed ratio 1 20-second timeout reinforcement schedule. Responses on the inactive lever were recorded but had no programmed consequences. Each session began with the illumination of a houselight that remained on for the entire session; the active lever was inserted into the chamber 10 seconds after the houselight was illuminated. At the end of each session, the houselight was turned off and the active lever was retracted. For rats that did not initiate reliable methamphetamine selfadministration training during the first three training days, we maintained them on restricted feeding conditions (15-20 g/day) for up to five days and gave them extra overnight training sessions. During the last five training days and during the withdrawal period, all rats had free access to food. At the end of training, we assigned the rats to one of the three experimental groups to be tested after 1 day, 1 week or 1 month of withdrawal period. We matched the groups for total methamphetamine infusions during the training phase.
Withdrawal phase
We housed the rats individually in the animal facility and handled them three times per week. We tested three groups of rats (n = 9 per group) for incubation of context-induced reinstatement of methamphetamine seeking after 1 day, 1 week or 1 month of withdrawal (between-subjects design). We also retested the day 1 rats after 1 month of withdrawal (within-subjects design). We trained all rats for methamphetamine self-administration in context A. On the different test days, we first gave all rats at least six 1-hour extinction sessions in context B (in a different operant chamber) that were separated by 10 minutes. During the extinction sessions, responses on the previously active lever led to contingent presentations of the discrete light cue, but not methamphetamine infusions. Next, we tested rats that met the extinction criterion (≤15 responses during the last 1-hour extinction session) for context-induced reinstatement of methamphetamine seeking in context A (the self-administration operant chamber) for 1 hour. During the reinstatement tests, responses on the previously active lever led to contingent presentations of the discrete light cue. We gave rats (n = 6) that did not meet the extinction criterion on the 6th hour of extinction additional 1-hour extinction sessions before the test for context-induced reinstatement (maximum of two additional 1-hour sessions). We presented the discrete cue during both the extinction and reinstatement phases, because our experimental procedure (Crombag & Shaham 2002; Bossert et al. 2004 ) is modeled after the original renewal procedure of Bouton & Bolles (1979) . In this procedure, renewal is defined as a recovery of the conditioned response to the discrete cue in the original conditioning context (where the cue was previously paired with the primary reinforcer) after extinction of the response to the cue in a different context.
Experiment 2: Discrete cue-induced reinstatement of methamphetamine seeking at different withdrawal periods
We tested three groups of rats (n = 8-9 per group) for incubation of discrete cue-induced reinstatement of methamphetamine seeking after 1 day, 1 week or 1 month of withdrawal (between-subjects design). We also retested the day 1 rats after 1 month of withdrawal (within-subjects design). We trained all rats for methamphetamine selfadministration in context A. On the different test days, we first gave all rats at least six 1-hour extinction sessions in context B that were separated by 10 minutes; during the extinction sessions, responses on the previously active lever had no reinforced consequences. Next, we tested rats that met the extinction criterion (≤15 responses/1-hour session) during 1-hour reinstatement session for discrete cue-induced reinstatement of methamphetamine seeking in context B (Bossert et al. 2007 ). During testing, responding on the active lever led to contingent presentations of the light cue previously paired with methamphetamine infusions during training but not the drug (Meil & See 1996) . We gave rats (n = 6) that did not meet the extinction criterion on the 6th hour of extinction additional 1-hour extinction sessions before the test for cue-induced reinstatement.
Experiment 3: Drug priming-induced reinstatement of methamphetamine seeking at different withdrawal periods
We tested three groups of rats (n = 9-10 per group) for incubation of priming-induced reinstatement of methamphetamine seeking after 1 day, 1 week or 1 month of withdrawal (between-subjects design). We also retested the day 1 rats after 1 month of withdrawal (within-subjects design). We trained all rats for methamphetamine selfadministration in context A. On the different test days, we first gave all rats at least six 1-hour extinction sessions in context A that were separated by 10 minutes; during the extinction sessions responses on the previously active lever led to contingent presentations of the discrete light cue, but not methamphetamine infusions. Next, we tested rats that met the extinction criterion (≤15 responses/1-hour session) over three 1-hour reinstatement sessions that were separated by 10 minutes for reinstatement induced by injections (i.p.) of saline (0 mg/kg), 0.25 mg/kg, and 0.5 mg/kg of methamphetamine (~5-minute pretreatment time) using an ascending dose-response curve drug priming procedure (Deroche, Le Moal & Piazza 1999; Lu et al. 2004a) . During the reinstatement tests, responses on the previously active lever led to contingent presentations of the discrete light cue. We gave rats (n = 3) that did not meet the extinction criterion on the 6th hour of extinction additional 1-hour extinction sessions before the test for priming-induced reinstatement. We chose the drug priming doses based on previous studies (Gass et al. 2009; Schwendt et al. 2009; Caprioli et al. 2015a) .
Statistical analyses
For the training data, we used a repeated measures ANOVA (training session as the within-subjects factor) to analyze the number of methamphetamine infusions and presses on the active and inactive levers. For the extinction data, we analyzed the active lever data using mixed factorial ANCOVAs that included the betweensubjects factor of Withdrawal period (1 day, 1 week or 1 month), the within-subjects factor of session hour (hours 1-6) and inactive lever presses as the covariate. For the reinstatement data, we analyzed the active lever data using mixed factorial ANCOVAs that included the between-subjects factor of withdrawal period (1 day, 1 week or 1 month), the within-subjects factor of context (A and B; Experiment 1), cue condition (no, yes; Experiment 2), priming dose (0, 0.25 and 0.5 mg/kg; Experiment 3) and inactive lever presses as the covariate.
For the groups of rats that were repeatedly tested after 1 day and 1 month (within-subjects design assessment), the analyses were similar except that withdrawal period was the within-subjects factor, and we did not use inactive lever as a covariate because of insufficient degrees of freedom for covariate analyses with a small number of subjects (n = 8-10).
We followed up on significant main effects and interaction effects (p < 0.05) with post-hoc tests (Fisher protected least significant difference). Because our multifactorial ANOVAs or ANCOVAs yielded multiple main and interaction effects, we only report significant effects that are critical for data interpretation. Additionally, for clarity, we indicate post-hoc analyses by asterisks in the figures, but they are not described in the Results section.
RESULTS
Methamphetamine self-administration training (Experiments 1-3)
The rats demonstrated reliable methamphetamine selfadministration, as indicated by significant increases (escalation) of both number of infusions and active lever presses over the training days (Fig. 1) . The repeated-measures ANOVA of number of infusions showed a main effect of training session [F (13,338) = 56.3, F (13,364) = 59.4 and F (13,325) = 68.8, p values < 0.01, for Experiments 1-3, respectively]. The repeated-measures ANOVA of number of active and inactive lever presses, which included the within-subject factors of training session and lever (active, inactive) showed a significant interaction between the two factors [F (13,338) = 13.0, F (13,364 = 14.2 and F (13,325) = 20.6, p values < 0.01, for Experiments 1-3, respectively].
Experiment 1: Context-induced reinstatement of methamphetamine seeking at different withdrawal periods
We measured context-induced reinstatement in context A at different withdrawal days after extinction of the operant response in the presence of the discrete light cue on the same day in context B. We found progressive increases or incubation of extinction responding in context B after withdrawal ( Fig. 2a and b) . In contrast, we did not observe incubation of context-induced reinstatement in context A after withdrawal in either the between-subjects assessment or the within-subjects assessment (1 day and 1 month) (Fig. 2c) .
Extinction responding (context B)
Active lever presses during the extinction tests were higher after 1 week and 1 month of withdrawal than after 1 day. The statistical analysis, which included the between-subjects factor of withdrawal period, the within-subjects factor of extinction session (hours 1-6) and inactive lever as a covariate, showed significant main effects of withdrawal period [F (2,18) (Table 1) .
Context-induced reinstatement (context A)
Active lever presses during the 1-hour context-induced reinstatement tests in context A were higher than during the last 1-hour extinction session in context B; this effect was independent of the withdrawal period. The statistical analysis, which included the betweensubjects factor of withdrawal period and the withinsubjects factor of context (last hour of extinction in context B, context A test) and inactive lever as a covariate, showed a significant main effect of context [F (1,22) = 16.6, p < 0.01] but not withdrawal period or an interaction between the two factors (p values > 0.1). The statistical analysis of the within-subjects assessment showed (Table 1) , independent of the withdrawal period, and responding was higher in 
Experiment 2: Discrete cue-induced reinstatement of methamphetamine seeking at different withdrawal periods
We measured cue-induced reinstatement in context B at different withdrawal days after extinction of the operant response in the absence of the discrete light cue on the same day in context B. We found progressive increases or incubation of extinction responding in context B after withdrawal ( Fig. 3a and b) . We also observed incubation of cue-induced reinstatement in context B after withdrawal in both the between-subjects assessment and the within-subjects assessment (1 day and 1 month) (Fig. 3c) .
Extinction responding (context B)
Active lever presses during the extinction tests were higher after 1 week and 1 month of withdrawal than after 1 day. The statistical analysis, which included the between-subjects factor of withdrawal period, the within-subjects factor of extinction session (hours 1-6) and inactive lever as a covariate, showed significant main effects of withdrawal period [F Finally, no significant effects of withdrawal period were observed for inactive lever presses (p values > 0.1 for the between-and within-subjects analyses).
Discrete cue-induced reinstatement (context B)
Active lever presses during the 1-hour cue-induced reinstatement tests in context B were significantly higher than during the last 1-hour extinction session in context B without cue after 1 week or 1 month of withdrawal, but not after 1 day. The statistical analysis, which included the betweensubjects factor of withdrawal period and the within-subjects factor of cue condition (last hour of extinction in context B without the cue, context B with cue testing), and inactive lever as a covariate, showed a significant main effect of withdrawal period [F (2,21) = 3.5, p < 0.05], an approaching significant effect of cue condition [F (1,21) = 3.7, p < 0.067], but no significant interaction between the two factors (p > 0.1). The statistical analysis of active lever presses of the within-subjects assessment showed significant main effects of withdrawal period [F (1,7) = 26.5, p < 0.01], cue condition [F (1,7) = 6.0, p < 0.01] and an approaching significant interaction between the two factors [F (1,7) = 4.0, p = 0.086]. Finally, inactive lever presses in the cue-induced reinstatement test were very low (Table 1) and independent of the withdrawal period.
Experiment 3: Drug priming-induced reinstatement of methamphetamine seeking at different withdrawal periods
We measured methamphetamine priming-induced reinstatement at different withdrawal days after extinction of the operant response in the presence of the discrete light cue; the extinction and reinstatement tests (0, 0.25 and 0.5 mg/kg) were performed in context A. We found progressive increases or incubation of extinction responding after withdrawal ( Fig. 4a and b) . In contrast, we did not observe incubation of priming-induced reinstatement after withdrawal in either the between-subjects assessment or the within-subjects assessment (1 day and 1 month) (Fig. 4c) .
Extinction (context A)
Active lever presses during the extinction tests were higher after 1 week and 1 month of withdrawal than after 1 day. The statistical analysis, which included the between-subjects factor of withdrawal period, the within-subjects factor of extinction session (hours 1-6) and inactive lever as a covariate, showed significant main effects of withdrawal period [F (2,20) = 17.0, p < 0.01], session hour [F (5,100) = 9.4, p < 0.01] and a significant interaction between the two Between-subjects 0 mg/kg 2 ± 1 2 ± 1 1 ± 1 0.25 mg/kg 4 ± 1 7 ± 3 2 ± 1 0.5 mg/kg 7 ± 2 7 ± 2 2 ± 1 Within-subjects 0 mg/kg 2 ± 1 4 ± 1 0.25 mg/kg 4 ± 1 3 ± 1 0.5 mg/kg 7 ± 2 5 ± 2
Decimal numbers are rounded to whole numbers. Number signs indicate the differences between 1 day and 1 month. Asterisks indicate the differences between 1 day and 1 week, p < 0.05 p < 0.01]. Finally, no significant effects of withdrawal period were observed for inactive lever presses (p values > 0.1 for the between-and within-subjects analyses).
Priming-induced reinstatement (context A)
Methamphetamine priming induced a dose-dependent increase in active lever presses during the reinstatement tests; this effect was independent of the withdrawal period. The statistical analysis, which included the between-subjects factor of withdrawal period, the within-subjects factor of methamphetamine dose (0, 0.25 and 0.5 mg/kg) and inactive lever as a covariate, showed a significant main effect of methamphetamine dose [F (2,46) = 6.2, p < 0.01] but not withdrawal period or an interaction between the two factors (p values > 0.1).
The statistical analysis of the within-subjects assessment a showed significant main effect of methamphetamine dose [F (2,16) = 24.2, p < 0.01] but not withdrawal period or an interaction between the two factors (p values > 0.1). Finally, inactive lever presses in the priming-induced reinstatement test were very low (Table 1) , independent of the withdrawal period, and responding was higher in the priming condition than in the vehicle condition for the between-subjects analysis [F (2,52) = 7.8, p < 0.01] but not the withinsubjects analysis (p > 0.1).
Extinction responding in context B: cue versus no cue
In order to gain further insight about the role of the discrete cue in incubation of methamphetamine craving, as assessed in the extinction tests, we compared extinction responding in context B in the presence of the discrete cue (Experiment 1, context) versus its absence (Experiment 2, cue). This analysis allows us to determine the unique contribution of the discrete cue to incubation of operant responding in the extinction tests in the absence of the potential influence of the contextual drug cues (context A). The results from this analysis should be interpreted with caution because they involve comparison between experiments performed several months apart; nonetheless, the results suggest that extinction responding in a non-drug context is potentiated after exposure to the discrete cue at the different withdrawal periods (Fig. 5) . The statistical analysis for total active lever presses during the extinction tests (6 hours), which included the between-subjects factors of withdrawal day (1 day, 1 week, 1 month) and cue condition (no, yes), and inactive lever as the covariate, showed significant main effects of withdrawal day [F (2,46) = 9.9, p < 0.01] and cue condition [F (1,46) = 8.9, p < 0.01], but no interaction between the two factors. In Fig. 5 , we also show the time course of extinction responding (hours 1-6) within each withdrawal period in the presence or absence of the discrete cue.
DISCUSSION
We studied the role of different conditioning factors in incubation of methamphetamine craving after withdrawal. We report four main findings. First, extinction responding in the presence of the discrete and contextual methamphetamine cues in context A was higher after 1 week and 1 month of withdrawal than after 1 day. These data replicate previous studies on incubation of methamphetamine craving in which we used similar experimental procedures (Krasnova et al. 2014; Li et al. 2015b Li et al. , 2015c . Second, extinction responding in the presence of the discrete cues was similar in the drug selfadministration context A to the responding in a novel Number of active lever presses over six 1-hour extinction sessions in rats tested in context B in the cue or no-cue conditions after 1 month of withdrawal. Number signs indicate the difference from no cue, p < 0.05 non-drug context B. This observation indicates that incubation of methamphetamine craving, as assessed in extinction tests, is context-independent. Third, at the different withdrawal days, extinction responding in context B was higher in the presence of the discrete cue than in its absence. These data suggest that the primary effect of the discrete cue on methamphetamine seeking in incubation studies using extinction tests is to potentiate the nonreinforced operant response. Fourth, after extinction, discrete cue-induced reinstatement, but not context-or drugpriming induced reinstatement, progressively increased after withdrawal. Together, we conclude that incubation of methamphetamine craving, as assessed in extinction tests in the presence of the discrete and contextual drug cues, is primarily driven by time-dependent increases in non-reinforced operant responding after withdrawal, and that this effect is potentiated by exposure to discrete, but not contextual, drug cues.
Methodological and conceptual considerations
Several issues should be considered in the interpretation of the present data in reference to the dissociable time course of the rats' response to discrete versus contextual cues after withdrawal. In general, unlike studies using classical conditioning paradigms on mechanisms underlying the behavioral effects of discrete versus contextual conditioned stimuli (CSs) on learned behaviors, in operant conditioning studies, it is difficult to differentiate between the relative contribution of discrete cues associated with drug infusions versus contextual cues associated with drug availability (Shalev, Grimm & Shaham 2002) . The main reason for this state-of-affairs is that in drug studies using operant lever pressing as the dependent measure, not all stimuli are under experimental control (Shalev et al. 2002) .
Regarding contextual cues, a retractable lever that extends at the start of the training sessions can serve as a contextual/discriminative cue that predicts drug availability. However, under our experimental conditions, the response to this cue was extinguished in context B prior to the context-induced reinstatement tests in context A. Regarding discrete cues, the depression of the lever and the associated auditory click and the sound of the infusion pump can serve as discrete cues that are associated with drug injections. However, under our experimental conditions, these discrete cues were extinguished in context B prior to the tests for discrete cue-induced reinstatement in the same context.
It is unlikely that lack of experimental control over the contextual cues in our study confound the interpretation of the data on the time course of context-induced reinstatement. This is because exposure to context A, after extinction of the operant lever-pressing behavior and the response to the discrete light cue in context B, led to a robust reinstatement of methamphetamine seeking, independent of the drug withdrawal period. However, the relatively weaker effect of the discrete cue on reinstatement after extinction during the early withdrawal time points (1 day and 1 week) may be because of insufficient experimental control over the discrete infusion cues in our study. Specifically, it is possible that extinction of the motivational effects of some discrete cues (infusion pump sound, click of the lever) during the six-to-eight 1-hour extinction sessions led to a weak drug-seeking response during the subsequent formal cue-induced reinstatement test.
Another issue to consider is that the magnitude of cue-induced reinstatement in the current study with methamphetamine-trained rats was lower than in our previous studies under similar experimental conditions with cocaine (Grimm et al. 2001; Grimm et al. 2003) . While it is possible that these different results reflect differences in the motivational significance of discrete cues paired with methamphetamine versus cocaine, we suspect that two other factors likely play a more important role. The first is that we determined cue-induced reinstatement in a novel non-drug context, while in previous studies we determined this reinstatement in the drug-associated context. The second is that in the present study, we used a discrete light cue while in previous studies we used a compound tone-light cue, which is a more effective discrete cue in reinstatement studies (See et al. 1999 ).
An issue to consider regarding the role of the drugassociated context in incubation of drug craving is related to the learning mechanisms controlling contextinduced reinstatement under our experimental conditions where we present the discrete cue during both the extinction and reinstatement phases. As discussed elsewhere (Crombag et al. 2008) , under these conditions, the drug context can serve as an occasion setter that modulates the response to the discrete cue. Occasion setter cues are different from traditional CSs in that they do not directly elicit learned behaviors, but rather modulate the ability of other CSs to elicit these behaviors (Catania 1992; Holland 1992) . Thus, to the degree that this learning mechanism mediates context-induced reinstatement of drug seeking in our studies (Crombag et al. 2008) , a potential interpretation of our data is that the occasion setting properties of the drug context do not incubate over time.
However, the observation that cue-induced reinstatement was significantly weaker than context-induced reinstatement during early withdrawal suggests an alternative interpretation, namely, that context exposure promotes drug seeking by functioning as a traditional excitatory Pavlovian CS. That is, because context A reliably signals methamphetamine availability during training, this context acquired excitatory conditioned stimulus properties. As extinction occurs in context B, context A has retained its motivational properties and reinstated drug seeking. In agreement with this notion, we have previously shown that context-induced reinstatement of heroin seeking can occur under conditions in which cue-induced reinstatement is not observed . Additionally, Fuchs and colleagues have shown that contexts reinstate cocaine seeking in the absence of any explicit discrete cocainepaired cues (Fuchs et al. 2005; Fuchs et al. 2008; Lasseter et al. 2010) . Within this framework, a tentative conclusion of our data is that the excitatory conditioning motivational effects of discrete drug cues, but not contextual drug cues, incubate after withdrawal.
Finally, we found that in rats that showed reliable incubation of extinction responding in the presence of the discrete methamphetamine cue, the response to methamphetamine priming remained stable after withdrawal. These data extend previous results with cocaine, in which we and others found no evidence for incubation of the response to cocaine priming injections over the first 6 months of withdrawal from the drug (Deroche et al. 1999; Marinelli et al. 2003; Lu et al. 2004a; Kerstetter et al. 2008) . Our current and previous results are also in agreement with those from studies showing selective time-dependent increases in the response to drug cues but not to drug self-administration after withdrawal from cocaine (Hollander & Carelli 2007; Guillem, Ahmed & Peoples 2013 ).
Conclusions and clinical implications
Our results indicate that incubation of methamphetamine craving, as assessed in extinction tests, is primarily mediated by time-dependent increases in non-reinforced operant responding and that this effect is potentiated by exposure to discrete, but not contextual, drug cues. A question that arises from our rat study is whether these data generalize to the human condition. In this regard, incubation of drug craving has been shown in human addicts by measuring the subjects' subjective response to non-contingent exposure to drug-associated cues (Bedi et al. 2011; Wang et al. 2013; Li et al. 2015a) . Specifically, incubation of craving was first demonstrated in abstinent smokers whose craving response to smoking cues was higher after 35 abstinence days than after 7 or 14 days (Bedi et al. 2011) . Subsequently, Wang et al. (2013) reported that methamphetaminedependent patients show time-dependent increases in cue-induced craving for up to 3 months of abstinence. Additionally, a recent study in alcoholics showed that cue-induced alcohol craving is higher after 60 days of abstinence than after 7 days ). However, the data in these studies were more variable and less robust than in the rat studies. Based on the data from our rat study, a question for future research is whether more robust incubation of drug craving in human would be observed in tasks assessing operant drug seeking after short and prolonged abstinence periods. Another question for the future is whether or not craving induced by drug-associated environmental contexts or drug priming (lapses) would incubate during abstinence.
